
C3
Cn
m
I-Q”

NATIONALADVISORYCOMMITTEE
FORAERONAUTICS

TECHNICAL NOTE 4310

MEASUREMENTS OF THE MOTIONSOF A IARGE

SWEPT-WINGAIRPLANEINROUGH AIR

ByRichardH.Rhyne

LangleyAeronauticalLaboratory
LangleyField,Va.

Washington

September.1958

. . . ..



T

).

llllllllllllll~lllllillllll‘-
NATIONALADVISORYCOMMITTEEFORAIRONAUT1 &lL7’2C15

TECHNICALNOTE4310
.

hllZAsUREWIW%OF THEMOTIONSOFA URGE
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SUMMARY

Flighttestmeasurementsof theangularandlinearmotionsof a
largeswept-wingairplanein roughairarepresented”foraltitudesof- -”-” – :
5,000and35,000feet. Thesemeasurementsare summarizedin the form
of powerspectra,root-mean-squsrevalues,andprobabilitydistributions.
Examinationof theseresultsindicatesthepredo~nanceof theDutch
rolland short-periodpitchingmodeson thelateralandlongitudinal
motionsin rough
of extrapolating

air. Brief
thepresent

considerationis alsogiven
resultsto otherturbulence

to-theproblem
conditions.

INTRODUCTION

Themagnitudeandfrequencycontentof therandom-typemotionsof
9 airplanesin roughairareof considerableinterestin connectionwith

thedevelopmentof groundandairbornetrackingsystems,thedesignof
internalequipmentof theairplane,suchas navigation,interception, ‘–
bombing,or collisionwarningsystems,andthestudyof aeromedicine.
Althoughthesemotionsmsybe calculatedon thebasisof available
informationon atmosphericturbulenceanduse of theairplaneeQia%ions
of motion(refs.1 and2),thereliabilityof suchcalculationshas not
beenwellestablished.Thus,thereexistsan interestin thedirect
measurementsof airplanemotionsin roughair. Littleinformationof
thisty_peappearsto be availablein publishedliterature.

The’presentpapersummarizesmeasurementsof theangulw andlinear
motionsof a largeswept-wingairplanein roughair. Themeasurements
wereobtainedin connectionwithan investigationof theloadsand -
strainresponsesof theairplane.(Seeref.3.) In addition,charac-
teristicsof theturbulenceencounteredweredeterminedwiththeuse of
theangle-of-attackvane-measuringtechniqueof reference4. Dataare
presentedin theformof sampletimehistoriesof theairplanedisplace-
ments,velocities,andaccelerations,as wellas powerspectra,root-
mean-squarevalues,andprobabilitydistributionsof thevariousmeas-
uredquantities.Theproblemof extrapolatingthemeasurementsto other
turbulenceconditionsis alsoconsideredbriefly. .—

.
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SYMBOLS

frequency,cps

accelerationdueto gravity,32.2ft/sec2

scaleof turbulence,ft

NACAEB!l4310

specifiedtime

time,sec

verticalgustvelocity,ft/sec

randomfunctionof time

gustwavelength,ft

root-mean-squaredeviation

root-mean-squaregustvelocity

●

measuredroot-mean-squaregustvelocity

IJ

T 2
power-spectral-densityfunction,lim * y(t)e‘i~ftdt

T+CO -T

extrapolatedresponsespectrum

measuredresponsespectrum

reducedfrequency,~/A, radians/ft

AIRPLJUJXAND INSTRUMENTATION

d

“

---

A photographof thetestairplaneis shownin figure1, anda three-
viewsketchshowingthe locationof thepertinentinstrumentationis
givenin figure2. The oqlychangesin theexternalconfigurationof the
standardairplaneweretheadditionof a noseboom,whichwas usedfor
measuringairspeedandwhichalsoservedas a mountfortheangle-of-
attackvane,andan externalcanopymountedon topof thefuselageto

9
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housesomeof theinstruments.(Seefigs.1 and2.) Pertinentphysical
characteristicsanddimensionsof thetestairplaneare givenin tableI.

Instrumentationutilizedin thepresentinvestigationconsistedof
thefollowing:

—

(1)An NACAair-dampedrecordingaccelerometer(frequenwresponse,
flatto at least5 CPS;am-racy, *0.01-25g)mo~ted ~thin 2 feet of the
airplanecenterof gravityto measurenormalacceleration.

(2)An NACA air-dampedrecordingaccelerometer(withfrequency
responseandaccuracyapproximatelythessmeas above)mountedwithin
2 feetof theairplanecenterof gravityand orientedso as to measure
lateralacceleration.

(3)AnNACAoil-dampedaccelerometer(response,flatto about10 CPS;
accuracy,~o.ozg) lo~ted on we leftwingtipatthe rear spar (as sho~
in fig.2) to measurenormalacceleration.

(h)An angle-of-attackvanemountedon theboomapproximately
6.5 feetaheadof thenoseand52.5feetaheadof theairplanecenter
of gravityto measureincrementalangleof attack. (I!requencyresponse
forthepresenttestconditionswas limitedby therecordingelement,
whichhada naturalfrequencyof about10 cpsanda dampingratioof
about0.7.)

(5)AnNACA airspeed-altituderecorderto recordairspeedandpres-
surealtitude.

(6) MagneticallydampedNACAturnmeterslocatedwithin2 feetof
theairplanecenterof gravity(asshownin fig.2) to measurepitching,
rolling,andyawingvelocities.(Thesetummetershadnaturalfrequencies
of about6.7cpsanddampingratiosof about0.67.)

(7) NACAattituilerecorderslocatedwithin2 feetof theairplane
centerof gravity(asshownin fig.2) to recordpitch,roll,andyaw
attitude.

(8)NACAresistance-typecontrol-positionrecordersto recordthe
aileron,rudder,andelevatordisplacements.(Theserecordsweremoni-
toredto providean indicationof anypilot-inducedairplanemotions.)

The filmspeedof therecorderswas approximately1/4 inchper
second,andallrecorderswerecorrelatedby meansof an NACAl/10-second
chronometrictimer.

In additionto therecordinginstruments,camerasoperatingat a
speedof 1 frameevery2 secondsphotographedthefuelgagesin order
to determinetheairplaneweightat anypointduringtheflight.
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TESTSAND SCOPEOF D&2A

Thepresent
air turbulence.
approximately30

datawereobtainedfromtwotestsin continuousclesr-
The firsttesthada durationof 4 minutesand covered
milesat an altitudeof 5,000feet. The flightMach

numberwas0.63and thedynamicpressurewas484 lb/sqft. The second
testof aboutl~minuteswasmadeat an altitudeof about35,000feet. —.
The testcovereda distanceof about10 milesat a flightbkchnumber
of 0.64anda dynamicpressureof 145lb/sqft. The levelof turbulence

—.-

forbothtestsmaybe classifiedas “light.”

The averageairplaneweightforthetestsat an altitudeof
5,000feetwas 113,(X)Opoundsandat 35,000feetwas 112,000pounds.
The centerof gravitywas locatedat about20 percentmeanaerodynamic
chord. The airplanewas flownwiththeyaw damperoff,andbothtests
weremadewith“hands-off”control;thatis,minordeviationsof the
airplanefromtheprescribedaltitudeandheadingwerenotcorrectedby
thepilot,andlargedeviationswerecorrectedonlyby gradualcontrol
movements.Thisprocedureresultsin the controlsbeingessentially
“fixed”dueto the irreversiblepower-boostcontrolsystememployedin
thetestairplane.

EVALUATIONOF DATAAND RESULTS

TimeHistories

Thebasicmeasurementsutilizedin thisstudywere
recordsof theangularvelocity,thenormalsmdlateral
andtheairplaneangleof attack.Thesetimehistories

thetime-history
accelerations,
werealsoused

“

.

to obtaina~ditionaiqwntitiesin thefollowingmanner:

(a)The angularvelocitiesin pitchandyawwereutilizedto obtain
angulsr-displacementtimehistories(dueto malfunctionof thepitchand
yaw attituderecorders).

(b)The accelerationswereusedto determinelinearvelocitiesand
displacements.

(c)Airplsmeangleof attack,pitchingvelocity,pitchattitude,
andairplaneverticalvelocity,togetherwithairspeed,wereutilized
in determininga timehistoryof gustvelocityin accordancewiththe
procedureof reference4.

d
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In almostall cases,”examinationof therecordsindicatedthatthemotions
occurredat frequenciesbelow5 cps. Thebasicreadingintervalusedwas
therefore0.1 second. (Itreliminaryindicationswerethatthenormalaccel-
erationmeasuredat thewingtip containedhigherfrequencies;and,there-
fore,thistimehistorywasreadat 0.05-secondintervals.The center-of- “-
gravityaccelerationwas alsoreadat an intervalof 0.05 secondto
increasetheaccuracyof a doubleintegrationperformedon thistime
history.)

In orderto showthe characteristicsof thevariousquantities,
sampletimehistoriesforan altitudeof 5,000feetsrepresentedin
figure3. Figure3(a)showstimehistoriesof theangularvelocities
andattitudesof theairplaneaboutthethreeaxes. The angularveloc-
itiesin rollandyaw are seento consistlargelyof motionsassociated
withtheairplaneDutchrollmcde,witha predominantfrequencyof
approximately1/4 cps (periodof 4 seconds).Thepitchingvelocityis
seento havea predominantfrequencyof about1/2 cps (periodof 2 sec-
onds),whichis theairplane’sshort-periodpitchingmodefrequency.
The airplane-attitudetimehistoriesevidencea veryslowlong-period
motionin additionto containingthehigherfrequenciesjustmentioned
fortheangularvelocities.Fromexaminationof thecompletetimehis-
tories,theseslowattitudechangesappearto havea periodof greater
than100 seconds;and,in the caseof therollattitude,inspectionof
the control-positionrecordsindicatesthatthereis considerableinflu-
enceof gradualaileronmovementby thepilot.

Themeasuredandderivedtimehistoriespresentedin figure3(b)
consistof normaland lateralaccelerationat theairplanecenterof
gravityandnormalaccelerationat thewingtiptogetherwiththevsr-
iousquantitiesnecessaryin thedeterminationof theinputvertical
gustvelocity.The airplaneverticalvelocitywas obtainedby inte-
gratingthetimehistoryof normalaccelerationat the centerof gravity,
and theairplaneverticaldisplacementwas obtainedby integratingthe
airplaneverticalvelocity.The doubleintegrationof thenormalaccel-
erationat thecenterof gratitywas checkedagainsttherecordi@--o~
pressurealtitude,andadjustmentsweremadeto theinitialvaluesof
theverticalvelocityto makethissecondintegrationconformto the
incrementalchangein thepressurealtitude.As indicatedpreviously,
thegust’velocitywas derivedfromthemeasurementsof theangleof- ‘ -.-— —

attack,airspeed,andtheairplanepitchingandverticalmotionsin
accordancewiththeprocedureof reference4. Thesetimehistories,in
general,containthe samepredominantfrequenciesas thetimehistories
of theangularmotionspresentedin figure3(a),withtheacceleration
timehistoriesshowing,in addition,somehigherfrequencies.For the
timehistoryof wing-tipnormalacceleration,inparticular,thewing-

( )
first-bendingfrequencyaboutl+ cps is clearlyevident.
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PowerSpectraandRoot-Mean-SquareValues

Powerspectraof thevariousmeasuredquantitiesweredeterminedby
u

usingthemethodof reference5. Thesepowerspectraarepresentedin
figures4 to 6. Generally,thespectrawereobtainedbyusing60lags-”
anda readingintervalof 0.1second.Sixtypowerestimatesoverthei%e-
quencyrangefromO to 5 cpstherebyresulted.(Actu@.ly,as a resultof
the0.05-secondreading.interv&l,thespectraof wing{%ipaccelerationand .—
center-of-gravityaccelerationforthelowaltitudewereobtainedto a
frequencyof 10 cps;but,sincetheycontainedonlys~ll powerat the
higherfrequencies,theyareshownonlyto a frequencyof 5 cps.) The
spectrumof gustvelocitywas not consideredto be reliableat frequencies
below1/4 cpsbecauseof themagnification&the readingerrorby the
doubleintegrationof thecenter-of-gravityacceleration,or above3 cps
becauseof thevibrationof theboomonwhichtheangle-of-attackvane
wasmounted;therefore,thespectrumis notshownbeyondthesellmits.
Theroot-mean-squsrevaluesforthevariousmeasurement%aregivenin
tableII andarealsogivenin figures4 to 6. —

Figure4 presentsthe spectrumof gustvelocityforthelow-altitude
tests(5,000feet). A spectrumof gustvelocityforthehigh-altitude
tests(35,000feet)is notpresented.becaus~ofdifficultyin obtaining‘-..
a reliabletimehistoryof angleof attackat thehighaltitude.This
difficultyaroseas,aresultof excessivevibrationof theboomon which .-

theangle-of-attackvanewasmounted.Figure4 also$ncludesa calculated
spectrum(dashedline)whichis discussedsubsequent~-.Reference6, d
whichpresentsdataobtainedfromteststhatare.the.~ame.asthoseutilized
in thepresentinvestigation,indicatesthatthelevelof turbulencefor ““ ~
thetestsat altitudesof 5,000and35,000feetwas&mghly thesti in
termsof truegustvelocity.Whencompared.withdatasummarizedin
reference7, thelevelof turbulencefor.thetwoalti@de”swouldbe
classifiedas “light,”as notedpreviously. —

Figure5 presentspowerspectraof the__angularvelocitiesof the
airplaneaboutthethreeaxesforthetwoaltitudes.~x&mination“ofthe
spectraindicatesthatmostof thepoweris concentratedat frequencies
below1 cps,withtheamplitudeof therollingvelocitiesbeingthe
largest,,theyawingvelocitiessomewhatsmaller,and~hepitchingveloc-
itiesevenlower. The samerelativema~itudesare seento existfor
theroot-mean-squarevalues. It mightalsobe notedthatrollingand
yawingvelocitiesarelargerforthetests-atan altl=udeof 35,000feet
thanfor-thoseat an altitudeof 5,000feet~whereas~itchingvelocities
areroughlythesameforthetwoaltitudes.Secondarypowerpeaksoccur
in thepitching-velocityspectraat a frequencyof about1.3cpsandare
attributed.toa couplingbetweenthewirig-bending“&nd.a@iLane-pitching
modes. A peakis alsopresentat a frequencyslightlyabove2 cpsin”- ‘“-”
therolling-velocityspectrumforan altitudeof 35,~ feetand 1s
attributedto an unsymmetricalwing-bendingmode. ‘X’–

.
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Thepowerspectraof thenormalandlateralaccelerationspresented
in figure6 containpowerpeaksat approximatelythesamefrequenciesas
the spectraof thelongitudinalandlateralangularvelocities.The..__
magnitudeof theroot-mean-squarevaluesforboththenormalandlateral
accelerationsare greaterat thelowaltitudethanat thehighaltitude.
Thepredominantpeakin thenormal-accelerationspectrumis alsohigher
forthelow-altitudetests. For thelateral-accelerationspectra,how-
ever,thepredominantpeakis slightlyhigherforthetestsat 35,000feet.
(Thelateral-accelerationtimehistoriesare influencedsomewhatby the
largerollanglesattainedby theairplane,particularlyfofithetests
at 35,000feet;thelargerollanglesthuspossiblyaccountforthehigher
peakin thisparticularspectrum.)The verylargepeakin the spectrum
of normalaccelerationforthewingtipat a frequencyof approximately
1.6cpsis attributedto thefundamentalwing-bendingnode. Becauseof
theveryflexiblewingof thetestairplane,theroot-mean-squarevalue

forthewing-tipnormalaccelerationsis alsoratherlarge.

WobabilityDistributions

In orderto showthemaximummagnitudesreachedandtheproportion
of flighttimespentat differentamplitudelevels,probabilitydistri-
butionsof theangularvelocitiesandlinearaccelerationsarepresented
in figures7 and 8, respectively.In viewof theinterestin thedegree
to whichtheseobserved.distributionsapproximatea Gaussiandistribution,
probabilitypaperwasusedfortheplots. Thispaperis scaledin a
mannerthatyieldsa straightlinefora Gaussianprobabilitydistribu-
tion. The datain the figures,termed“probabilityof exceeding,”are
plottedin termsof proportionof totalreadingsabovegivenlevels(or
of totalflighttimesincethereadingsareat equallyspacedintervals
of 0.1 second).For thispurpose,thedatawerefirstgroupedinto
suitableclassintervalsaccordingto magnitude.Fromthe classinter-
vals,theaverageprobabilityof exceedinggivenvaluesof x, p(x),
was determinedby thefollowingrelation:

n(x)P(x).7 (1)

where n(x) is thenumberof valuesexceedinga givenvalueof x from
thetabulatedclassintervals,and N is thetotalnumberof values.

bspectionof theprobabilitydistributionsof angularvelocity
(fig.7) showsthattherollingvelocitiesattainedforthetestsat an
altitudeof 35,000feetwereconsiderablylargerthantheothermotions.
For theserollingmotions,theplotshowsthatapproximately10 percent
of the timeis spentbelow-0.08radian/see(i.e.,in thenegativedirec-
tionor rollingto theleft). Similarly,approximately10 percentof
thetimeis spentabove+0.08radian/see(rollingto theright). In
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otherwords,80percentof the
betweentO.08.radian/sec.For
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timeis spentat rollingvelocities
yawingandpitchingvelocitiesat an &

altitudeof 35,000feet,theyawingvelocittisareabo~e0.03radian/see
(orbelow-0.03radian/see)for10 percentof thetime,andthepitching
velocitiesareabove0.01radian/see(orbelow-0.01r=dian/see)for
10 percentof thetime. The valuesforthe,testsat 52000feetare
smallerfortherollingandyawingvelocitiesandare-aboutthe same _
forthepitchingvelocity.

Fi~e 8, whichpresentstheprobabilitydistributionsof thenor-
malandlateralaccelerationsforthetwoaltitudes,showstheaccelera-
tionsto be largerforthelow-altitudetests. For 10 percentof the

time,thenormalaccelerationsareabove4 ft/sec2(orbelow-4 ft/sec2)
forthelow-altitudetestsandaboveapproximately2 ft/sec2forthe
high-altitudetests. The lateralaccelerationsareaboutthe samefor
bothaltitudes,beingaboveapproximately1 ft/sec2for10 percentof
thetime.

—

Fromcomparisonwiththefittednormal;distribution(solid-and
dashed-linecurves),allthemeasureddistributiondah of figures7
and8 are seento approximatea Gaussianprobabilitydistribution.
Reference8 considersbrieflythedegreeto whicha Gayssiandistribu-
tionis approximatedby a specific4-minuteturbulence:.sample(also
usedin thepresenttest)and indicatesthatthemeasureddistribution” F
of gustvelocityapproximatesa Gaussi=.dis”tributionquitewell,
althoughsomediscrepancyis evident.The significanceof thesedepar-
turesfroma Gaussiandistributionwouldap~ar to dep-endon the

.

application.

Extrapolationsto OtherTurbulenceConditions —

Thepresentresultson theairplanemotionswere;obtainedundera .-
specif’icsetof turbulenceconditions- in particular,underconditions
thatmightbe consideredas relativelylightturbulenc~.It iS of
interestt-ocon~iderhowtheseresultsmightbe extrapolatedto other
turbulenceconditions.For thispurpose,it w*11be helpfulto obtain
an analyticrepresentationof theturbulence_spectrum(fig.4) measured
fortheverticalcomponentof turbulenceinthe present-tests. The
followingexpressionforthespectrumof atmosphericturbulencehas,
beenfoundto be a usefulinterpolationformulaforthespectraof
atmosphericturbulencein otherinvestigations(forexample,ref.7):

-.
2 L 1,+3Q2L2 —

0($2)= cf~;
(1+ 02L2)2

(2)
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where aU is theroot-mean-squsregustvelocity,L is the scaleof
turbulence,~ . 2a_r/A,and A is thegustwavelength.The dashedcurve
shownin figure4 representsa fittedcurvehavingthisprescribedspec-
trumwitha valueof 1,000feetforthescaleof turbulenceL. The
root-mean-squaregustvelocityforthefittedcurveis 3.0ft/secand
willbe designatedUum.

For otherconditionsof atmospheric-turbulenceintensity(buthaving
thesamespectralform),itmaybe expectedfromlineartheory(see
ref.5) thatthespectrumof theextrapolatedresponseOext(f)will
be directlyproportionalto UU2 as givenby thefollowingexpression:

C3ext(f).< am(f)
‘Urn

—.. —

(3) -

where au is theroot-mean-squaregustvelocityforotherturbulence
conditionsand @m(f) is themeasuredspectrumobtainedin thepresent
investigationforthecorrespondingresponse.A sitilar~rocedurewould
alsoappearto be applicableforthelateralresponsesif it is assumed
thatthepowerspectraof thelateralandverticalcomponentsof thetur-
bulencehavea directrelationship(forexample,equivalentforisotropic
turbulence).

Theprobabilitydistributionsforthevariousresponsemotionsmay
likewisebe extrapolatedlinearly.Theprobabilitydistributionsfor
theexpectedmotionsin turbulenceof otherintensitiess.regivenby
thefollowingexpression:

()%m xPexJx) ‘ pm~ (4)

where Pext( ) is theextrapolatedprobabilitydistribution,Pm( )

i.sthemeasuredprobabilitydistributionin thepresentinvestigation,
and x is theresponsequantityof interest.

Extrapolationof thepresentresultsto otherairplanesis perhaps
alsopossible.Suchextrapolationswould,however,requiredetailed
analysisof theresponsecharacteristicsof boththepresentairplane
andtheprospectiveairplanealongthelinesconsideredin reference7.

d

.
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CONCLUDINGREMARKS
1.

Flighttestsweremadeon a large swept-wingairplaneatidtitudes
of 5,000and3’5,000feet. Re%-ultsindicate-thatunderconditionsof
lightroughair,theDutchrollfrequen~ies(aboutl/~cps)werepre-
dominantin thelateralmotionswhereastheshort-per~odpitchingfre-
quencies(approximately1/2cps)werepredominantin thelongitudinal
motions.Theprobabilitydistributionsobtainedforthevariousmeas-
uredquantitieswereallapproximatelyGaussian.A s~mpleprocedureis
givenforextrapolatingthemeasurementsof theprobabilitydistributions
andthepowerspectratd otherturbulenceconditions.”

.—
— — .—

LangleyAeronauticalLaboratory,
NationalAdvisoryComnitteeforAeronautics, -

LangleyField,Vs.,August25,1958.

8
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TABLEI ““

PERTINENTPHYSICALCHARACTERISTICSAND

DIMENSIONSOF THETESTAIRPLANE

Totalwingarea,sqft . . . . . . . . . . . . . . .‘~
Wingspan,ft....... . . . . . . . . . . . . ...
Wingaspectratio.... . . . . ... . . . . . . . .~.
Wingthicknessratio... . . . . . . . . . . . . ...
Wingtaperratio . . . . . . . . . . . .. ... . . ..~
Wingmeanaerodynamicchord,in. . . . . . . . . . . .
Wingsweepback(25-percent-chordline),deg. . . . .~-
Totalhorizontal-tailarea,sq ft . . . . . . . . . .‘~
Horizontal-tailspan,ft . . . . . . . . .-:. . . .-:-
Horizontal-tailmeanaerodynamicchord,in. . . . . . .
Horizontal-tailsweepback(25-percent-chordline),de~
Airplaneweight,lb -
At5,000feet. . . . . . . . . . . . . . . . . . .“:b

At35,000feet . . . . . . . . . . . . . . . . . . .
Centerof gravity,percentM.A.C.. . . . . , . . . ...

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

1,428
116

9.43
0.12
0.42

155.9

222
.33 —

102.9
35

. . . 113,000

. . . 112,000

. . . 20.O<_

—
u

--

—

.—

.

.
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ROOT-MEAN-SQUAREVALUESFORVARIOUSMEASUREMENTS

Root-meansqusre

Measurement valuesat -
b
5,000ft 33,000ft

Pitchingvelocity,radians/see. . . . . . . . . . 0.0078 0.0067

Rollingvelocity,radians/see. . . . . . . . . . 0.0205 0.0578

Yawingvelocity,radians/see. . . . . . . . . . . 0.0090 0.0212

Normalaccelerationat e.g.,ft/sec2. . . . . . . 3.43 1.94

Normalaccelerationat tingtip,ft/sec2. . . . . 16.58 ------

Lateralaccelerationat e.g.,ft/sec2 . . . . . . 1.12 0.90

Gustvelocity,ft/sec. . . . . . . . . . . . . . 3.0 ------
w

—.



i.

“/” f 1r
—

-/ “/4
——.--4-.. “~...1

\

/’
‘1’”

/:- ‘“-”- ~~“- “ “’--’”’-- – --i--
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Figure2.-Three-viewdrawingof testairplane.
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